Background: To examine the influence of posterior corneal astigmatism on postoperative refractive astigmatism in pseudophakic eyes after cataract surgery. Methods: The study enrolled 64 pseudophakic eyes of 50 patients (71.8 ± 9.9 years old, mean ± standard deviation) who had undergone phacoemulsification with non-toric IOL implantation. Refractive astigmatism was measured using an auto ref-keratometer with a 0.01-diopter (D) scale. Two types of corneal astigmatism were calculated using anterior segment optical coherence tomography; keratometric and total corneal astigmatism. Keratometric astigmatism was obtained based on anterior corneal curvature alone and total corneal astigmatism was calculated using both anterior and posterior corneal curvatures. The difference between refractive and corneal astigmatism was computed as the vector difference using 1) refractive and keratometric astigmatism and 2) refractive and total corneal astigmatism.
Background
It has been reported that uncorrected astigmatism of greater than one diopter (D) in magnitude significantly deteriorates uncorrected visual acuity in pseudophakic eyes [1] . The introduction of toric intraocular lens (IOL) technology has made it possible to offer better and more stable uncorrected visual acuity to patients with astigmatism. In clinical practice, however, some patients still present with postoperative refractive astigmatism of unknown origin even with toric IOL implantation, and the accuracy of preoperative measurements of corneal astigmatism is often discussed [2, 3] .
Both anterior and posterior corneal curvatures contribute to total corneal astigmatism [4] , but less attention has been directed to posterior corneal curvature [4] [5] [6] [7] [8] [9] [10] . This is because traditionally anterior and posterior corneal surfaces in normal eyes were thought to be almost parallel in shape. In addition, refractive power of the posterior surface is much smaller than the anterior surface due to the small difference in refractive index between the corneal stroma and the aqueous humor. Thus, in general, ophthalmologists tended to believe that detailed examination of posterior corneal shape and curve is not necessary [7] . Therefore, keratometric astigmatism which is calculated based on anterior corneal measurements only has been used clinically to represent total corneal astigmatism, assuming a fixed posterior/anterior curvature ratio to estimate the contribution of posterior corneal power [4] .
Newer technologies, such as slit-scanning videokeratoscope, Scheimpflug device, and anterior segment optical coherence tomography (AS-OCT), are now available for measuring anterior as well as posterior corneal shapes [4] . Results obtained with these devices demonstrated that keratometric astigmatism calculated based on the measurements of anterior corneal surface alone significantly differ from that based on both anterior and posterior corneal measurements [4, 5] . The posterior corneal surface tends toward against-the-rule astigmatism pattern in comparison with the anterior corneal surface [7] . Therefore, in eyes with with-the-rule astigmatism, keratometric astigmatism overestimates total corneal astigmatism, whereas in eyes with against-the-rule astigmatism, keratometric astigmatism underestimates total corneal astigmatism [4, 7, 10] . These discrepancies seem to be explained by the fact that corneal thickness profile is not uniform between horizontal and vertical directions, i.e., the cornea is thicker in the vertical than the horizontal directions [11] . Thus, it is not always true that the anterior and posterior corneal curvatures have a constant and linear relationship [9, 11] , and posterior corneal astigmatism should be at least partially responsible for postoperative refractive astigmatism of unknown origin [2, 3] .
The above findings highlight the need to clarify the effect of posterior corneal astigmatism on postoperative refractive astigmatism after cataract surgery. Several previous reports have already demonstrated the relationship between posterior corneal astigmatism and total corneal astigmatism [4, 5, 12] . However, the relationship between posterior corneal astigmatism and postoperative refractive astigmatism of unknown origin in patients undergoing cataract surgery has not been examined in detail. In this study, we investigated the influence of posterior corneal astigmatism on postoperative refractive astigmatism in pseudophakic eyes with non-toric IOL implantation.
Methods
This study included consecutive eligible patients who had undergone phacoemulsification with non-toric IOL implantation at the University of Tsukuba Hospital from November 2012 to March 2013. Patients who had corneal or retinal disease and a history of ocular surgery other than cataract surgery or ocular injury were excluded. Patients were also excluded if they met any of the following criteria: postoperative decimal bestcorrected visual acuity of less than 0.8 (decimal) (20/25 snellen), history of toric IOL implantation, or cases with surgical complication. Informed consent was obtained from all patients. The research was approved by the Institutional Review Board of the University of Tsukuba Hospital and conducted according to the tenets of the Declaration of Helsinki.
The preoperative evaluation included measurements of objective refractive power obtained using an auto refkeratometer (RC-5000, Tomey Corporation, Nagoya, Japan) with a 0.01-D scale, axial length measured by contact applanation ultrasound (AL-1100, Tomey Corporation, Nagoya, Japan), and keratometric and total corneal powers measured by an AS-OCT (SS-1000, CASIA, Tomey Corporation, Nagoya, Japan). We took automatically-calculated values of total corneal power from the AS-OCT based on the actual measures of anterior and posterior corneal power.
A standard phacoemulsification technique was performed through a 3-mm superior sclerocorneal oneplane incision under topical anesthesia. Aspheric and non-toric IOLs were implanted in all patients.
One month after surgery, we measured postoperative refractive power using the RC-5000 with a 0.01-D scale and keratometric power and total corneal powers using the AS-OCT, and then assessed the correlation among postoperative refractive, keratometric, and total corneal astigmatism. In addition, the vector differences between postoperative refractive astigmatism and two types of corneal astigmatism (keratometric and total corneal astigmatism) were calculated and compared with each other. In this study, all measurements were based on the data from the annular ring with 3 mm in diameter around the corneal apex.
AS-OCT
The AS-OCT is a non-contact, non-invasive threedimensional imaging system based on the principle of "Swept Source" OCT. This system uses light of 1,310-nm wavelength and achieves resolutions of 10 μm (axial) and 30 μm (transverse) to obtain 30,000 axial-scans per second. The scan range diameter is 10.0 mm, and 16 radial cross-sectional images were obtained within 0.34 s per measurement, with each image containing 512 measurement points [13] [14] [15] . All measurements were taken by experienced examiners (MS and YU). Two images were obtained for each eye, and the better image was selected for data analysis.
Corneal astigmatism calculation
Keratometric power was calculated using the keratometric index (1.3375) and the radius of anterior corneal curvature, while total corneal power was calculated In this study, the AS-OCT was used to measure and calculate keratometric and total corneal astigmatism. Keratometric astigmatism was calculated as the difference in keratometric power between the steepest and flattest meridians, whereas total corneal astigmatism was calculated based on total corneal power without regard to keratometric power.
Vector difference between refractive and corneal astigmatism
In this study, we computed vector difference between postoperative refractive astigmatism and each of two types of corneal astigmatism (keratometric and total corneal astigmatism) using equations below [16] , and these differences were compared with each other to simulate the influence of actual posterior corneal astigmatism on refractive astigmatism in pseudophakic eyes after nontoric IOL implantation, in which internal astigmatism induced by IOL itself is theoretically regarded as 0 D.
In the formulas, the angle of the axis of astigmatism is doubled to give the correct x and y values. [17] .
Statistical analyses
Two types of corneal astigmatism (keratometric and total corneal astigmatism) were compared using the paired t-test. The mean magnitude of difference between refractive and keratometric astigmatism, and difference between refractive and total corneal astigmatism was also compared using the paired t-test. The mean differences in magnitude between refractive and each of two types of corneal astigmatism according to the types of preoperative keratometric astigmatism, such as ATR, WTR or oblique astigmatism were compared using the Wilcoxon signed-rank test. Using Pearson's correlation and Bland-Altman plots, the correlation between postoperative refractive and two types of corneal astigmatism were examined. In addition, after all patients were divided into two groups based on the magnitude of difference between postoperative refractive and total corneal astigmatism, various parameters such as age, spherical equivalent refraction, refractive astigmatism, keratometric astigmatism, total corneal astigmatism, axial length, and IOL power were compared between the two groups with greater than 0.5 D and less than 0.5 D difference using Student's t-test. P values < 0.05 were considered statistically significant. Statistical analyses were carried out using StatView version 5.0 (SAS Inc., Cary, NC).
Results
This study enrolled 64 eyes (33 right; 51.6%) of 50 patients (25 women; 50.0%) with a mean age of 71.8 ± 9.9 (SD: standard deviation) years (range 33 to 92 years). The age distribution of patients was shown in Fig. 1 . The lenses implanted in the study group were SN60 WF (50 eyes) (Alcon, Fort Worth, TX), iSert Micro251 (10 eyes) (HOYA, Tokyo, Japan) and ZCB00V (4 eyes) (Abbott Medical Optics, Santa Ana, CA). Table 1 shows preoperative patient data. The mean magnitude of keratometric astigmatism was 0.76 ± 0.46 D (range 0.03 to 2.76 D), and the mean axial length was 23.67 ± 1.69 mm (range 20.98 to 27.55 mm). Astigmatism types were categorized as against-the-rule (ATR) (steepest meridian 0 to 29°or 150 to 180°), with-the-rule (WTR) (steepest meridian 60 to 119°), or oblique (steepest meridian 30 to 59°or 120 to 149°), and the number of eyes for each group was 23, 19, and 22, respectively. Table 2 shows postoperative patient data. The mean magnitude of objective refractive, keratometric and total corneal astigmatism was 0.92 ± 0.48 D, 0.87 ± 0.44 D, and 0.94 ± 0.46 D, respectively. Total corneal astigmatism was significantly larger than keratometric astigmatism (P = .0015, paired t-test) (Fig. 2) . The mean magnitude of difference was 0.70 ± 0.40 D between refractive and keratometric astigmatism, and 0.63 ± 0.38 D between refractive and total corneal astigmatism, with a significant difference between them (P = .019, paired t-test).
We also calculated the mean difference in magnitude and vector between refractive and each of two types of corneal astigmatism according to the types of preoperative keratometric astigmatism, such as ATR, WTR or oblique astigmatism. The mean difference in magnitude and vector between refractive and keratometric astigmatism were 0. As for the mean difference in magnitude between postoperative refractive and total corneal astigmatism, there were significant differences in eyes with WTR or oblique astigmatism (P = .006, P = .007), but not in eyes with ATR astigmatism (P = .330). Figures 3 and 4 show correlations between postoperative refractive and two types of corneal astigmatism (keratometric and total corneal astigmatism). The correlation between refractive and total corneal astigmatism (r = 0.598, P < .0001, Fig. 4 ) seemed stronger than that between refractive and keratometric astigmatism (r = 0.515, P < .0001, Fig. 3 ). Figures 5 to 6 are the Bland-Altman plots showing the relation between postoperative refractive and two types of corneal astigmatism, with the mean values of individual measurements plotted on the horizontal axis and the differences of individual measurements plotted on the vertical axis. It was found that the correlation between refractive and total corneal astigmatism (Fig. 6 ) is stronger than that between refractive and keratometric astigmatism (Fig. 5) . Figures 7 to 9 show doubled-angle plots for each astigmatism. The mean vector of postoperative refractive, keratometric, and total corneal astigmatism was 0.42 D axis 175° (Fig. 7) , 0.16 D axis 15° (Fig. 8) , and 0.39 D axis 5° (Fig. 9) , respectively. Figure 10 shows difference in vector between postoperative refractive and keratometric astigmatism. The mean vector was 0.30 D axis 164°. Fig. 2 The mean magnitude of postoperative keratometric and total corneal astigmatism was significantly different (P = .015, paired t-test) Figure 11 shows difference in vector between postoperative refractive and total corneal astigmatism. The mean vector was 0.12 D axis 135°. When compared between Figs. 10 and 11, the mean difference in vector between refractive and total corneal astigmatism was closer to 0 D. Table 3 shows the patient data for two groups separated by the magnitude of difference between postoperative refractive and total corneal astigmatism: greater than 0.5 D and less than 0.5 D, respectively. Statistical analysis showed no differences between the two groups in terms of patient age, postoperative spherical equivalent, postoperative refractive, keratometric, and total corneal astigmatism, axial length, or IOL power.
Discussion
Using AS-OCT, we examined the anterior and posterior corneal curvatures in pseudophakic eyes after phacoemulsification. There are several tools available for the measurement of anterior and posterior corneal curvatures. Among them, OCT-based topography boasts the shortest measurement time as well as high resolution. Tang et al. reported that the repeatability of corneal power measurements obtained using a Fourier-domain OCT system (RTVue, Optovue, Inc. Fremont, CA) was comparable to that of measurements obtained by Placido-ring topography [18] . Szalai et al. reported that AS-OCT had better reliability for measurements of posterior corneal power, anterior and posterior corneal astigmatism, and apical pachymetry in comparison to Scheimpflug imaging [13] . Because the repeatability and reliability of OCT-based topography have been established [13, 18] , we used the AS-OCT to examine both anterior and posterior corneal curvatures.
In clinical practice, we sometimes encounter unexpected postoperative refractive astigmatism after cataract surgery even with toric IOLs. When we use toric IOL in cataract surgery, a particular IOL model is selected by assuming that astigmatism is derived entirely from the cornea and crystalline lens. That is to say, if other factors producing astigmatism exist, they must cause unexpected postoperative refractive astigmatism. Analyzing postoperative refractive astigmatism of unknown origin may help more accurate astigmatism correction. In this study, we researched influence of posterior corneal astigmatism on postoperative refractive astigmatism by comparing keratometric and total corneal astigmatism in pseudophakic eyes after non-toric IOL implantation. We found that the mean magnitude of keratometric and total corneal astigmatism were significantly different (Fig. 2) . Moreover, the correlation between postoperative refractive and total corneal astigmatism was stronger than that between postoperative refractive and keratometric astigmatism (Figs. 3, 4, 5 and 6 ). Theoretically, considering that astigmatism is derived entirely from the cornea and crystalline lens, refractive astigmatism must be equal to corneal astigmatism, in cases of non-toric IOL insertion eyes. Therefore, the above findings imply that the relationship between refractive and total corneal astigmatism is more theoretical than that between refractive and keratometric astigmatism. We also calculated the difference between postoperative refractive and two types of corneal astigmatism (keratometric and total corneal astigmatism) (Figs. 10 and 11) . Difference between refractive and keratometric astigmatism was also referred to as "internal astigmatism" in some reports [2, 6, 19] . Teus et al. [6] and Tejedor et al. [2] investigated internal astigmatism in eyes implanted with non-toric IOL, and reported that the mean vector of internal astigmatism, corresponding to difference between refractive and keratometric astigmatism in our study, was 0.24 D and 0.38 D, respectively, which coincided approximately with our results (0.30 D).
The mean difference in vector and magnitude between postoperative refractive and total corneal astigmatism was closer to 0 D as compared to that between postoperative refractive and keratometric astigmatism. This suggests that preoperative actual measurement of posterior corneal astigmatism may lead to more accurate postoperative astigmatism correction. When we further examined depending on the types of astigmatism such as ATR, WTR, oblique astigmatism, the mean differences in magnitude and vector between postoperative refractive and total corneal astigmatism was closer to 0 D in eyes with WTR or oblique astigmatism, but not in eyes with ATR astigmatism. We are unaware of the exact reason why eyes with ATR astigmatism had no similar tendency. This issue should be examined in a larger population because the number of eyes with ATR astigmatism was somewhat small in the current study. Although several previous reports have already mentioned the discrepancy in posterior corneal astigmatism between actual and estimated values [4, 5] , this is the first report to elucidate the more detailed influences of posterior corneal astigmatism on total refractive error in pseudophakic eyes. Based on the current findings, it can be concluded that incorporating the data of posterior corneal curvature into preoperative IOL power calculation results in better refractive outcomes after cataract surgeries with toric IOLs.
The examination of individual cases showed that 56.0 and 17.2% of eyes showed difference between postoperative refractive and total corneal astigmatism of greater than 0.5 D and 1.0 D, respectively. This means that approximately half of eyes that are planned to undergo toric IOL implantation may exhibit astigmatism correction errors greater than 0.5 D postoperatively even if actual measurement data of posterior corneal astigmatism is incorporated into preoperative IOL power calculation. We tried to find the associated factors which cause the greater difference, but no predictive factors could be identified (Table 3) . The difference between postoperative refractive astigmatism and total corneal astigmatism may involve any unknown astigmatism other than corneal and lenticular astigmatism (e.g., retinal, vitreous) [18, 19] . Further studies should be conducted to clarify the causes other than posterior corneal astigmatism which induce postoperative refractive errors.
There are some limitations in this study. First, we only simulated the influence of posterior corneal astigmatism on postoperative refractive astigmatism in pseudophakic eyes after non-toric IOL implantation. Prospective studies should be conducted to compare the surgical outcomes between eyes in which preoperative IOL power calculation is done using total corneal power (including actual measurements of the posterior corneal curvature) and keratometric power (neglecting actual measurement of the posterior corneal curvature). Second, the degree of preoperative corneal astigmatism was relatively small among our study population. Similar research will be necessary also in eyes with larger corneal astigmatism, because candidates for toric IOL implantation generally have considerable corneal astigmatism. Third, we didn't consider the influence of tilt and dislocation of implanted IOLs on postoperative refraction. There is a possibility that these factors affect postoperative refractive astigmatism. Further studies should also be conducted to elucidate this point.
Conclusions
This study showed that the relationship between refractive and total corneal astigmatism is more intimate than that between refractive and keratometric astigmatism in pseudophakic eyes, and the vector difference is closer to 0 D in the former than in the latter. If we use actual measurements of the posterior corneal curvature for evaluations prior to cataract surgery, the amount of unexpected postoperative refractive astigmatism might be reduced, resulting in improved uncorrected visual acuity. However, even after eliminating the discrepancy between actual and estimated values of posterior corneal astigmatism, some amount of postoperative refractive astigmatism of unknown origin persisted. Our findings warrant further investigation to find causes of unexpected astigmatism correction errors beyond posterior corneal astigmatism in order to improve visual function after toric IOL implantation. 
